Recent results of APW band calculations of ThNiSn, ThaNisSb4 and LasAusSb4 are summarized. These compounds are proper reference materials for the study of semiconductor-like property of UNiSn, UsNisSb4, CesAusSb4 and CesPtsSb4. The valence bands consist of the Sn/Sb 5p and the Ni 3d/ Au 5d states. The conduction bands are derived from the Th 6d/La 5d states and are raised by the mixing between the Th 6d/La 5d state and the Ni 3d/ Au 5d state. A band gap appears between the occupied valence bands and the empty conduction bands. On the basis of these results, the ·origin of gap formation in UNiSn, UsNisSb4, CesAusSb4, CesPtsSb4 and isostructural uranium and cerium compounds is discussed. § 1. Introduction
Among valence fluctuating /·electron compounds, CeNiSn, Ce(Pdi-xCux)3, SmB6, SmS, TmSe and YbB1z have been known to develop an energy gap at the Fermi energy. 1 >-7 > However, theoretical interpretations on the origin of gap formation have not yet been settled so far. Recently, ·new group of ternary compounds containing cerium or uranium has been found to show a semiconductor-like behavior. These ternary compounds M-T-X (M is Ce or U, T a transition or a noble metal and X a metalloid) have the following characteristic crystal structure; the Tatom is embedded at the large empty site of corresponding binary compound M-X.
The first example is UNiSn, UPtSn and URhSb with the MgAgAs-type face centered cubic structure in which the T atom is embedded in the NaCl-type UX (Fig. 1) . 8 >-17 > The space group of MgAgAs-type structure is F43m( Ti) and that of NaCl-type structure is Fm3m(Oh 5 ).
The second example is U3T3Sb4 (T=Ni, Pd, Pt), Ce3Au3Sb4, CegPtgSb4 artd CegPtgBi4. 8 >' 14 ),Is>-z 9 > These compounds crystallize in the Y3Au3Sb4-type body centered cubic structure in which the Tatom is embedded in the Th3P4-type M3X4 (Fig. 2) . The space group of Y3Au3Sb4-type and Th3P4-type struc· tures is the same I43d( Td 6 ).
As a result of these characteristic crystal structure, the electronic band structures of these compounds and the isostructural reference compounds of La or Th have been understood on the basis of those of the corresponding binary compounds.
In this paper, we summarize the band structures of these reference compounds which have recently been calculated. 29 >-31 > In § 2, the band structures of the NaCltype ThSb and the MgAgAs-type ThNiSn are shown. ThNiSn is the semiconductor in agreement with the experimental result. The various anomalous properties and the origin of gap formation in UNiSn are discussed. In § 3, the band structures of the Th3P4-type Th3Sb4 and the Y3Au3Sb4-type Th3NhSb4 are explained. While Th3Sb4 is the semi-metal, Th3NhSb4 is the semiconductor, in agreement with the experimental result. Then the electronic structures of U compounds are discussed. Finally, the band structure of La3Au3Sb4 is shown in § 4. La3AU3Sb4 is also the semiconductor, although the observed electric resistivity exhibits the semimetallic or narrow-gap semiconductor-like behavior. The electronic structures of Ce compounds are discussed. § 2. Electronic structure of ThSb, ThNiSn and UNiSn A few uranium compounds adopt the cubic MgAgAs-type crystal structure, like UNiSn, UPtSn and URhSb. The powder neutron diffraction experiment has revealed the following features for the magnetic phase transition. 14 >-16 > The Neel temperature TN is 47 K. The ordered state is of the type I antiferromagnet in which the ferromagnetic state is realized in the (001) plane and these ferromagnetic planes are stacked antifer--romagnetically along the [001] axis; up, down, up, down and so on (the wave vector k=[001]). The ordered U moment is 1.55 fl.B/U and aligns the [001] axis. Contrary to the antiferromagnetic transition, the temperature dependence of magnetic susceptibility does not exhibit a cusplike anomaly at TN as observed in the usual antiferromagnet but a sharp upturn at just below TN. 10 >' 15 > At the paramagnetic region, the Curie-Weiss behavior is observed with the effective magnetic moment of 3.15 /-LB/U-atom and fJP= -58 K, indicating the local moment character of U 5/ electrons. 10 
>'
15 >
The temperature dependence of electrical resistivity shows a pronounced peak around 50 K for the well annealed sample. 15 > For the temperature above the peak the resistivity behaves like semiconductor, p( T)"'exp(Eg/2kB T), with Eg=67 meV for 100< T<300 K 12 ),IS) and Eg=120 meV for 500< T<1000 K.
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Below TN, the resistivity decreases rapidly with decreasing temperature and turns to metallic behavior below 40 K. 12 ),Is)
In the isostructural reference compound of ThNiSn, which does not show the magnetic transition, the resistivity also shows the activation~type behavior with Eg=66 meV for 200< T<300 K.
However, the resistivity of ThNiSn does not show the semiconductor-metal transition observed in UNiSn. Therefore, the semiconductor-metal transition in UNiSnis ascribed to the magnetic phase transition of U 5/ electrons.
In UNiSn, the magnetic fields up to 13.5 T have no influence on both TN and Eg. 15 
On the contrary, the hydrostatic pressure up to 21 kbar increases TN as a rate of dTN/dp=0.50 K/kbar but suppresses the Eg as a rate of dEgjdp= -0.6 meV /kbar. 15 ) · We show the band structure of reference compound ThNiSn to clarify the origin of unusual properties of UNiSn, especially the origin of the semiconductor-metal transition. However, at first, it is instructive to show the band structure of NaCl-type ThSb, because it is easy to understand the origin of gap formation in ThNiSn by comparing both band structures. 1.0 Figure 3 shows the energy band structure for ThSb along the symmetry axes.
This result is qualitatively similar to that of LaSb. though the depression is not as large as the ns state because the P-I mixing matrix element is smaller than that in the ns state. The value of (pj(J) is evaluated to be 0.568 eV, about factor of 1.62 larger than that in LaSb. At the r point, the dominant.
Th 6d state is the f2s, and F12 states. In the direction of L1 axis, the Th d band, the I2s' state, falls down and reaches to the X3 state at the X point. Note that this property of cation d band is the common feature in the NaCl-type crystal structure.
Next we calculated the band structure of ThRhSb in which the Rh atom is embedded in the NaCl-type ThSb. We show the band structure ofThNiSn in which the number of valence electrons is equal to that of ThRhSb. However, here, one conduction electron on Th moves to the Sn 5p state. Figures 5 and 6 show the energy band structure and the density of states, respectively. Due to the strong mixing between the Th 6d and Ni 3d states, the bottom of the Th 6d band in ThSb at the X3 state is pushed up to the X3 state of ThNiSn at 0.57 Ry. On the contrary, the mixing between the Ni 3d and Sn 5P states is not so strong that the Xs' state in ThSb is slightly pushed up to the Xs state of ThNiSn at 0.52 Ry. Therefore, these features are thought to be the main origin of the gap formation. At the r point, both ns and 12s' states in ThSb correspond to the I4 states iQ the vicinity of the Fermi level in ThNiSn. However, the relatively dominant component is the Th 
1.1
states for then state of the 9th band. Therefore, the main feature of the n5 and !25' states is exchanged in ThNiSn.
In ThNiSn, the calculated energy gap is 0.484 eV, about factor of 7larger than the observed value of Eg. In this calculation, the spin-orbit interaction is ignored but is important for 5p state in Sn and Sb. For example, the spin-orbit splitting of n5 state in LaSh is about 0.55 eV. 33 ) In ThNiSn the Sn 5p component in the 8th band is much smaller and thus the spin-orbit effect is much weaker. Therefore the reduction of gap is thought to be not so large. Instead of that, it is common that the gap in the band calculation with the local density approximation is much smaller than the actual one. In these circumstances, we rather speculate that the observed value of Egis not the intrinsic gap but due to impurity state. · More careful experiment of transport property with well characterized samples is needed because the experimental studies so far reported show that the activation-type property disappears at T<200 K.
)'
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The number of 5/ electron in the Th muffin-tin sphere is 0.31 per Th for ThNiSn and 0.33 per Th for ThRhSb. However, this value is common to many tetravalent Th compounds and means that this f character is not due to the atomic 5/ character but comes. from the neighboring states. Thus the Th atom· is considered to be tetravalent. Therefore, the semiconducting property in the paramagnetic UNiSn suggests that the U atom is also tetravalent (5/ 2 ) and the 5/ states are thought to be of atomic character in which the occupied 5/ states are well below the.gap and -the empty 5/ states are above the gap. This picture is consistent with the Curie-Weiss behavior of magnetic susceptibility as well as the photoemission experiment. 9 > In this sense the situation is similar to UsX4 and ThsX4, in which X means the P or As atoms, 34 > discussed in the next section. 31 > In ThsX4, a small gap exists between the filled X p valence bands and the empty Th 6d bands as is seen easily from the composition of the compounds. As This replaced by U, in which U is also thought to be tetravalent and the 5/ states behave like atomic state, the occupied 5/ states push the top of the valence bands up to the 6d bands through the P-1 mixing interaction. When the concentration of U exceeds about 15%, the gap disappears and the system becomes semimetal. 35 > In UNiSn, the gap is larger and thus the gap cannot completely disappear but remains as a narrow gap of the order of 100 meV. Then it is possible for a magnetic order with the stronger P-1 mixing effect to close the narrow gap resulting in a semimetallic state. Then the conduction electrons flow from the valence band to the conduction band. This is the main part of the magnetic ordering energy. This situation is similar to EuB6 and CeSb studied in detail by us before. 36 >' 37 > In EuB6, in which Eu is divalent, there is a small gap between the valence B 2P band and the empty Eu 5d band. The gap is closed with the ferromagnetic ordering of Eu spins inducing the insulator-semimetal transition, which is the driving mechanism of the magnetic order. 36 > However, as shown in the following, we can find more similarity with CeSb, whereas CeSb is already semimetal in the paramagnetic state and thus there is no such drastic change as the insulator-metal transition. 37 >.ss> CeSb crystallizes in the NaCl-type structure. Thus the crystal structure of CeSb is the same as ThSb and similar to UNiSn. The stable magnetic order is determined fundamentally so as to get the P-1 mixing effect most strongly.37) This means that the real magnetic order should be such one as to cause the largest upward shift of the top of the valence band, the n5 state. This is the magnetic order with the k-vector along [001] axis, the ferromagnetic ordering within the (001) plane and thus the magnetic moment along [001] axis. Then the 4/ wave function extends in the (001) plane guaranteeing the strongest P-1 mixing with the nearest neighbor Sb 5p states. The same situation is expected in UNiSn, too. Therefore, it is expected that the type I antiferromagnetic order gets the P-I mixing effect best, in which the moment should be along [001] axis, parallel to the k-vector, to guarantee the strongest P-1 mixing effect. The external pressure causes the stronger P-1 mixing, which reduces the gap in the paramagnetic state and increases TN because the stronger overlapping of the wave functions in the magnetic state increases the magnetic ordering energy. All of these properties are consistent with the experimental results mentioned above. The reduced magnetic moment· seems to be due to the strong crystal field effect induced mainly by the strong P-1 mixing. We expect more experimental works on the ground state property of the 5/ electron to perform the quantitative study of the present picture because the P-1 mixing effect depends on the I state character.
To conclude, UNiSn is a very interesting material in which the P-1 mixing interaction plays very important role causing various dramatic properties. Furthermore, the semiconductor-like behavior of UPtSn and URhSb is also explained by the same picture because the number of valence electrons is equal to that of UNiSn. § 3. Electronic structure of ThsSb4, ThsNhSb4 and U sNhSb4
The ThsP4-type uranium pnictides UsX4 (X=P, As, Sb, Bi), especially UsP4 and UsAs4, have been studied for a long time due to the anomalous magnetic and transport properties. 39 > From the neutron diffraction experiments, the uranium in these compounds is in the tetravalent configuration. 40 Recently, it has been reported that many uranium ternary compounds crystallize in the YsAusAs4-type structure, UsTsSn4 (T=Ni, Pt, Cu, Au) and UsTsSb4 (T=Co, Ni, Pd, Pt, Cu). 21 >' 22 > UsTsSn4 shows a heavy-fermion behavior. On the other hand, UsTsSb4 with T = Ni, Pd and Pt shows a semiconductor-like behavior whereas UsTsSb4 with T=Co and Cu is a metallic ferromagnet. In UsT~Sb4, the activation energy estimated from the electrical resistivity above 250 K is 0.20, 0.23 and 0.15 eV for the compounds with T=Ni, Pd and Pt, respectively. The magnetic susceptibility follows the Curie-Weiss law with an effective magnetic moment of 3.38"'3.68 /-lB /U-atom at temperature above 100 K. At high temperatures, the isostructural reference compound ThsNisSb4 also shows the semiconductor-like electrical resistivity with the activation energy of 0.07 eV. 21 > Thus the uranium in UsNisSb4 is considered to be in the tetravalent configuration with 5/ 2 .
We calculated the band structures of ThsX4 (X= P, As, Sb) but show that of ThsSb4 as a representative example here because those of ThsP4 and ThsAs4 are similar to that of ThsSb4. 31 > As the stable ionic state is Th4+ and X 3 -, it is expected that the filled valence bands are derived from the X P states and the empty conduction· bands from the Th 6d states. Figure 7 shows the energy band structure for ThsSb4 along the symmetry axes. 3 1)
The lower 24 bands (from the I3 state at 0.135 Ry to the I4 state at 0.416 Ry) are the valence bands and the conduction bands lie above them. The valence band and the conduction band overlap slightly, 0.012 Ry. The Fermi , energy, EF, is 0.4430 Ry. The number of electrons is equal to that of holes, 0.0035 per formula unit. The total and partial densities of states are shown in Fig. 8 an analogy with the band structure for ThNiSn, the 3d states on Ni is expected to be filled up by electrons. Then, as compared with the band structure of Th3Sb4, the Th 6d band is shifted up by the mixing with the Ni 3d band to open a. gap between the Sb 5p valence and Th 6d conduction bands because of the short distance between Th and Ni atoms. Therefore the system becomes the insulator. The calculated energy band structure is shown in Fig. 9 . In the figure, the lower 54 ·bands (from the Fs state at 0.2365 Ry to the 14 state at 0.5764 Ry) are the occupied valence bands and the empty conduction bands lie above them. Between the 54th and 55th bands, a gap appears with the indirect gap width of 0.0262 Ry. The total and partial densities of states are shown in Fig. 10 . The 54 valence bands consist of the Ni 3d and Sb 5p states. Note that, as compared with Th3Sb4, an increase in valence band number by 30 is due to the Ni 3d states. Due to the mixing between the Ni 3d and Sb 5p states, the valence band width is about 0.07 Ry wider than that of Th3Sb4. The conduction ban,d is derived mainly from the Th 6d states but the narrow bands at about 0.82 Ry are derived primarily from the Th 5/ states. In order to clarify the origin of gap formation, the charge distributions of the 54-th and 55th bands are listed in Table I . Many atomic states are mixing each other making the situation complicated. But in principle the following picture is applicable. Due to the strong mixing between the Th 6d and Ni 3d states, the bottom of the Th 6d band in Th3Sb4 at the Fs state is pushed up to then state of Th3NbSb4 at 0.6531 Ry. From Table I , this is understood by the fact that the Ni d component is 40% for the Fs state of 55th band. On the contrary, the mixing between the Ni 3d and Sb 5p states is not so strong that the H3 state in Th3Sb4 is slightly pushed up to the H3 state. of Th3NbSb4 at 0.6269 Ry. Therefore, these features are thought to be the main H F P A r 11 HGNDPDNL r origin of the gap formation. 1. 0 Experimentally observed forbidden gap is 0.40 e V for Th3P 4 and 0.43 "'"'0.44 e V for Th3AS4. 35 >' 42 > The calculated energy gap is very small, 0.007 eV (Th3P4) and 0.05 eV (Th3As4). The main origin of this discrepancy is due to the inadequate treatment of the exchange-correlation term in the local density approximation. The number of 5/ electron in the Th muffin-tin sphere is 0.46 per Th for Th3P 4, 0.4 7 for Th3As4 and 0.48 for Th3Sb4. However, this value is common to many tetravalent Th compounds as mentioned in the previous section and means that this I character is not due to the atomic 5/ character but comes from the neighboring states. Thus the Th atom is considered to be tetravalent.
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In Th3NhSb4, the calculated energy gap is 0.357 eV, about factor of 5 larger than the observed value. In this calculation, the spin-orbit interaction is ignored but is important for 5p state in Sb. However, the Sb P component in the 54th band as seen in Table I is not so large that the spin-orbit effect is expected to be weak. Therefore the reduction of gap is thought to be not so large. Instead of that, as mentioned above, it is common that the gap in the band calculation is much smaller than the actual one. In these circumstances we rather speculate that the observed activation energy is not the intrinsic gap but due to impurity state.
The number of 5/ electron in the Th muffin-tin sphere is 0.56 perTh. Thus the Th atom is considered to be tetravalent. Therefore, the semiconductor-like property in UsNisSb4 suggests that the U atom is also tetravalent (5/ 2 ) and the 5/ states are thought to be of atomic character in which the occupied 5/ states are below the gap and the empty 5/ states are above the gap. This picture is consistent with the Curie-Weiss behavior of magnetic susceptibility as well as the recent photoemission experiments. 24 > In this sense the situation is similar to UsX4 and ThsX4 as mentioned above. However, in UsNisSb4, the gap is larger and thus the gap cannot completely disappear but remains as the gap of the order of 0.2 eV .. Furthermore, this situation is very similar to that of paramagnetic UNiSn as described in the previous section.
The Ni 3d peak position of the partial density of states in ThsNisSb4 agrees with the results in recent photoemission experiments on UsNisSb4. 24 > Finally it is noted that the semiconductor-like behavior observed in UsPdsSb4 and UsPtsSb4 is explained by the same mechanism with UsNbSb4, because the number of valence electrons is equal to that of UsNisSb4. § 4. Electronic structure· of LasAusSb4, CesAusSb4 and CesPtsSb4
The YsAusSb4-type RsAusSb4 with R from Nd through Lu has been known more than 10 years ago. 25 Between the 54th and 55th bands, a gap appears with the indirect gap width of 0.0122 Ry, about a half of that in Th3NisSb4. This is because, due to the intra-atomic Coulomb interaction, the Au 5d bands lie at the bottom of valence band and then the mixing effect between Au 5d and La 5d states is reduced. These situations are clearly seen in Table I because the Au 5d component decreases in the 54th and 55th
bands. Note that the Au s component increases in the 55th band and thus the L12 state in the 55th band lowers. As mentioned above, LagAu3Sb4 is experimentally expected to be the semimetal or the narrow gap semiconductor. with the Curie-Weiss behavior of magnetic susceptibility.
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As the Pt atom is at the same row with the Ni atom in the periodic table, Th3NisSb4 discussed in the previous section is proper reference compound for Ce3Pt3Sb4 and Ce3Pt3Bi4. Thus; from the semiconductor-like property of these compounds, the Ce atom is considered to be tetravalent and non-/ electron state.
However, some amount of atomic 4/ component is induced by the mixing between the Ce 4/ and the Sb 5p states. and exhibits the small susceptibility. Actually very small magnetic susceptibility at room temperature in Ce3Pt3Sb4 is consistent with this picture. 29 
>
The fact that the lattice constant of Ce3Pt3Sb4 is smaller than that of Pr3Pt3Sb4 suggests that the valence of Ce is not trivalent but tetravalent or mixed valent. 29 > This picture is also applicable to Ce3Pt3Bi4. However, it is speculated that the atomic 4/ component is partially larger than that of Ce3AU3Sb4 because it shows the magnetic susceptibility typical of valence fluctuation. 27 > The metallic resistivity· of the stable trivalent La or Pr compounds is consistent with the band calculation. § 
Conclusion
The electronic band structures of ThRhSb, ThNiSn, ThaNiaSb4 and LaaAuaSb4 were calculated. The following are the common features. 1) As the result of the characteristic crystal structure of these compounds, the valence bands consist of the X 5p states and the T d states. These states mix each other but make the filled valence bands.
2) The conduction bands are derived from the M d states and are raised by the mixing between theM d and the T d states. Then the band gap appears between the occupied valence bands and the empty conduction bands. 3) Thus these properties are easily understood by the following schematic picture. As the stable ionic state is La 3 +, Th4+ and Sb For the stable U4+ and Ce 3 + compounds, the same picture is applicable. However, we have to treat artificially the occupied and the empty f states because the f bands are nearly degenerate at the Fermi energy in the local density approximation due to the inadequate treatment of the exchange-correlation term. In the nearly tetravalent or the mixed valent Ce compounds, we speculate that the same picture is applicable. However, we expect more experimental and theoretical works to confirm the present picture.
